Background: Phosphorous acid is being investigated as a fungicide for the management of a needle disease caused by Phytophthora pluvialis in Pinus radiata in New Zealand. However, little is known about the penetration characteristics of this fungicide into Pinus radiata foliage. This study was undertaken to determine: i) the penetration characteristics of a commercial phosphorous acid formulation, applied at 3 kg ha -1 and 12 kg ha -1 in 100 L water, into Pinus radiata foliage and, ii) the effect of four commercially available adjuvants on phosphorous acid uptake into Pinus radiata foliage. Efficacy of the best treatment was tested in vitro with two Phytophthora species, Phytophthora kernoviae and P. pluvialis.
Background
A new needle disease was reported in Pinus radiata D. Don stands on the east coast of New Zealand during routine forest surveillance in late April 2008. Observations of the symptoms, their development and the apparent spread of the disease, known locally as red needle cast, all gave a strong indication of a likely biotic cause, which led to further investigations. Isolations made from symptomatic needles yielded an undescribed species of Phytophthora as the likely causal pathogen (Dick et al. 2014) . The causal pathogen has recently been described as Phytophthora pluvialis which is considered to be endemic to Oregon, USA (Reeser et al. 2013 ). Subsequently, a second species Phytophthora kernoviae Brasier, Beales & Kirk, was also recovered from needles, though at a consistently lower rate (Dick et al. 2014 ). Concurrent to epidemiological work for red needle cast, a range of trials were initiated to investigate possible fungicides that could be effective for management of red needle cast on Pinus radiata in New Zealand. Phosphorous acid was chosen as a key fungicide for further research on potential red needle cast management since this active ingredient (in the form of phosphorous acid) is used widely in agriculture and horticulture for control of Phytophthora species (Lobato et al. 2011; Rebollar-Alviter et al. 2007; Shearer and Crane 2009) .
Phosphorous acid fungicides, applied either preinfection or for protectant activity, are the only known ambi-mobile fungicides capable of moving upward and downward in plants (Cohen and Coffey 1986) . Phosphorous acid exhibits a complex mode of action, acting both directly on the pathogen and also indirectly by stimulating host defence responses to ultimately inhibit pathogen growth (Tomlin 2006) . The fungicide can persist in host plants for several months post application, however persistence is host dependent (Tynan et al. 2001) . When treated, most plants exhibit phytotoxic effects above a (species dependent) threshold concentration, with field treated plants more sensitive to phytotoxic effects than those treated in a glasshouse . Kanaskie et al. (2011) Kanaskie et al. (2011) , there are few reports describing the use of phosphorous acid to control Phytophthora spp. associated foliar diseases in mature trees. This is likely because there are few tree-infecting aerial Phytophthora spp. currently known and those which are known (such as P. ramorum, P. kernoviae, P. pinifolia and P. pluvialis) have been relatively recently observed. Graham (2011) suggested options for using phosphorous acid to control Phytophthora species in forest trees based on work done on citrus orchards. Phosphorous acid has been successfully used to control Phytophthora root rot in Pinus radiata nurseries (Reglinski et al. 2009 ). However, the results of this study cannot readily be extrapolated to airborne Phytophthora pathogens infecting mature trees.
Maximising uptake of pesticides is important to optimise efficacy and cost-effectiveness of any chemical control strategy. However, little is known about the penetration characteristics of phosphorous acid into Pinus radiata foliage. Agrochemical adjuvants are commonly used to improve efficacy of systemic pesticides by improving spray deposition and retention on the target species and/or by increasing the penetration of the pesticides into the plant (Zabkiewicz 2000) .
This study was undertaken to determine: i) the penetration characteristics of a commercial phosphorous acid formulation into Pinus radiata foliage and, ii) the effect of commercially available adjuvants on phosphorous acid uptake into Pinus radiata foliage. Efficacy of the best treatment was subsequently tested in an in-vitro bioassay conducted with the pathogens, Phytophthora kernoviae and P. pluvialis. Selection was based on a combination of adjuvant chemistry, their mode of action, and current relative cost. Four adjuvants, representing three classes of adjuvant, were selected for testing: i) a low-cost pinolene that is used as a wetter, sticker and rainproofer, ii) a moderately priced non-ionic surfactant typically used to aid wetting, sticking and penetration of fungicides, and iii) two relatively expensive organosilicones that are known to improve retention and coverage of sprays, and are often utilised to increase uptake of systemic pesticides into plants.
Methods
Three clones (referred to as A, B and C) of grafted Pinus radiata, hereafter referred to as the potted plants, known to be susceptible to the pathogens Phytophthora kernoviae and P. pluvialis, were used in this investigation. The potted plants, supplied from the Radiata Pine Breeding Company Ltd. (Rotorua, New Zealand), were obtained in mid-autumn from the Scion nursery (Rotorua, New Zealand) and were equilibrated for two weeks in a controlled environment cabinet (20/15°C, 70% relative humidity, 12 h photoperiod, 500 μmol m -2 sec -1 light) prior to treatment application. All treatments were applied to one-year-old needles located on the main leader of the potted plants. There were three potted plants of each clone for each treatment, such that all treatments were replicated three times, with three experimental units per clone (three clones x three potted plants of each clone).
A preliminary experiment was undertaken to gauge the uptake of phosphorous acid into Pinus radiata needles without the use of an adjuvant. As there is no label rate for aerial application of phosphorous acid to mature Pinus radiata plantations in New Zealand, the rates used were obtained from aerial application rates used in Western Australia, for Lambertia inermis var. inermis and Banksia grandis, and North America for N. densiflorus (Kanaskie et al. 2011; Shearer and Crane 2009 , Actiwett®, Etec Crop Solutions Ltd, Auckland), iii) a pH-stable organosilicone polymer with super-penetrant activity (Gaskin et al. 2012 ) containing alcohol ethoxylate and polyalkylene compounds (DuWett® Stainless, Etec Crop Solutions Ltd, Auckland) and iv) an organosilicone-blend containing siloxane polyalkeneoxide copolymers (Du-Wett®, Etec Crop Solutions Ltd, Auckland) designed for use as an horticultural superspreader (AgriMedia Ltd 2013). All adjuvants used in the trial were tested within manufacturer's recommended rates or at rates known to be effective for penetration into horticultural and agricultural crops.
Determination of treatment penetration
The penetration characteristics of phosphorous acid were tested for up to 24 h after treatment (HAT). Phosphorous acid was applied as Agrifos® 600, at the equivalent of 12 kg ha -1 in 100 L ha -1 water in combination with the four commercially available adjuvants described in 2.1.1. Details of the adjuvant concentrations (Treatments 3-8) are given in Table 1 .
Orthophosphoric acid radio-labelled with [ 32 P] (ARC, Inc., USA) was added to freshly prepared treatment solutions in deionised water 30 minutes prior to use to enable the radiaoactive chemical to equilibrate with the mono-and di-potassium salts present in the commercial phosphorous acid formulation. The [ 32 P] phosphoric acid comprised <1% mass of the total phosphorous acid in solution at all times. Droplets (10 × 0.24 μL) of the radiolabelled treatment solution were applied using a microsyringe to the central region of a single needle per fascicle such that they simulated a 100 L ha -1 spray application volume (i.e. 1 μL cm -2 ). Treated fascicles were pretagged with coloured electrical wire for identification.
The quantity of radiolabelled phosphorous acid applied to each needle in each treatment was determined by dispensing droplets, as applied to plants, directly into scintillation vials (3 replicates). Following treatment application, needle fascicles were harvested at 24 HAT (Table 1) . The entire fascicle, including the treated leaf surface, was washed with a mixture of water and ethanol (1:1 v/v; 2 × 4 mL) to recover any unabsorbed phosphorous acid. Prior audits determined that such wash-offs could recover >95% of applied phosphorous acid solutions from foliage surfaces at dry-down. Foliage in Treatment #3 (Table 1) was given an additional wash with 50% aqueous acetone to ensure all phosphorous acid remaining on the surface was recovered. This extra wash was carried out because of the low solubility of the pinolene adjuvant in aqueous solution.
Scintillant solution (13 mL ACS; Amersham Biosciences, Australia) was added to the washings and radioactivity was quantified by liquid scintillation counting (Packard Tricarb 2100 TR). Foliar uptake was defined as the radioactivity not recovered from washing the treated needles and was calculated as a percentage of the applied dose.
Determination of droplet spread
In a separate test, all treatment solutions (1-8; Table 1) were prepared as for the penetration experiment but with the addition of a water-soluble fluorescent dye, (Blankophore P, Bayer) at a concentration of 0.5% w/v immediately prior to droplet application. Twelve droplets (0.24 μL) of each solution were applied to each of three needles on each potted plant (and different clones). Droplets were left to spread for 10 minutes. Needles were then illuminated with ultra-violet light and photographed. The area of droplet spread in each case was determined using image analysis software (V++™, Digital Optics Ltd).
Experiment 2: Optimising uptake of phosphorous acid
The most promising adjuvant identified in the first experiment was the organosilicone-blend superspreader (Du-Wett®). The second experiment examined the effect of a wider range of application rates of this adjuvant on the uptake of phosphorous acid over a period of 24 to 72 h. Phosphorous acid containing [ 32 P] was applied at the equivalent rate 12 kg ha -1 in 100 L water in combination with various rates of the organosilicone (Table 2) . Treatments were applied to the one-year-old needles of the same three clones (A, B and C) of potted Pinus radiata used in Experiment 1 and two treatments from that experiment were repeated. Treatment application and determination of phosphorous acid uptake were as described for Experiment 1.
Experiment 3: Testing the efficacy of the best acid/ adjuvant combination against Phytophthora species using a detached needle bioassay
Both rates of phosphorous acid tested previously (3 kg ha -1 and 12 kg ha -1 ) were evaluated with the best-performing adjuvant Du Wett® added at 0.2% on the same three Pinus radiata clones (A, B and C). Treatments were applied in the equivalent of 100 L ha -1 using a calibrated, moving head tracksprayer (Plant Protection Chemistry NZ, Rotorua) fitted with twinjet nozzles (TJ60-8002EVS). There were a total of 27 potted plants in the trial; three for each of the two treatments (plus a control) with each clone. After treatment, the potted plants were sheltered from rain for 72 h after which they were placed outside and watered regularly.
Zoospore inoculum was prepared by growing isolates on carrot agar at 17°C for three days. Plugs of agar and mycelium were taken from the leading edge of the colonies, flooded with clarified carrot broth (Erwin & Ribeiro 1996) and incubated for three days at 17°C. The resulting mycelial mats were rinsed thoroughly three times with sterile deionised water, drained and flooded with sterile pond water. Pond water was collected from a local pond and used in the development of Phytophthora pluvialis and P. kernoviae cultures. These were incubated in the dark for a further three days before zoospore release was induced with 45 minute intervals at 4°C in the dark at room temperature (21-22°C) on a light box. Zoospore concentrations were determined using a haemocytometer and standardised to 1 × 10 5 zoospores per mL. Zoospore suspensions were used within two hours of preparation.
Five days after treatment, 30 fascicles were collected from each potted plant, including the controls. Ten fascicles each, from each potted plant. were exposed to either a suspension in pond water of 1 × 10 5 P. pluvialis or P. kernoviae zoospores per ml for 24 h. Controls were exposed to autoclaved pond water only. Following exposure, needles were placed on trays moistened with wet paper towels and incubated in a controlled environment (17°C, 65-70% relative humidity, 14 h photoperiod) for 10 days. After this time, the needles within each fascicle were separated and lesion length was measured.
Statistical analyses
Treatments in Experiments 1 and 2 were compared by analysis of variance and least significant difference (LSD) using the statistical program Statistix 9 (Analytical Software, USA). Results from Experiment 3 (the detached needle bioassay) were analysed using the statistical programme R version 2.15.2 (R Development Core Team, 2012). A linear mixed effects model using maximum restricted likelihood estimation (R-package nlme) was applied to test for differences in the length of needle lesions between a zero control and phosphorous acid treatments. The fixed terms of the model contained 'phosphorous acid treatment' (factor with 3 levels: 0, 3 and 12 kg ha -1 ) and 'Phytophthora pathogen' (factor with 3 levels: control, P. pluvialis and P. kernoviae) and their interaction. 'Host tree identity', 'subsample identity' within tree and 'fascicle identity' within subsample were modelled as nested random effects. Tukey contrasts (R-package multcomp) were used to compare the effects of the phosphorous acid treatment for each Phytophthora species separately.
Results and discussion
Experiment 1: Effect of four adjuvants on uptake of phosphorous acid
Comparison of adjuvants
The results of the preliminary experiment indicated that uptake of phosphorous acid into Pinus radiata needles was low and proceeded very slowly. A similar uptake of phosphorous acid was recorded at 24 h after treatment for the 3 kg ha -1 and 12 kg ha -1 phosphorous acid application rates, 6.6% and 3.9% respectively (Treatments 1 & 2; Table 1 ). Based on this preliminary experiment, it was decided to proceed with the highest rate of phosphorous acid tested in the experiment (treatments 3-8), to maximise the acid dose absorbed by the foliage. Phosphorous acid was applied at the equivalent of 12 kg ha -1 in all treatments. Means sharing common postscripts are not significantly different.
#
The postscript R indicates a repeat treatment. *Nominal dose calculated as (phosphorous acid rate x %_uptake).
Addition of 0.35% pinolene as an adjuvant did not increase uptake of phosphorous acid (Treatment 3; Table 1 ). This was not unexpected since this type of polymer is claimed to provide increased resistance of sprays to rain wash-off and improved adhesion on difficult-towet plants, but is not known to increase pesticide uptake.
Addition of 0.05% alcohol ethoxylate (Treatment 4) was ineffective but the addition of the same adjuvant at 0.1% (Treatment 5) significantly increased uptake of phosphorous acid. There was no additional benefit from using a higher concentration of 0.2% (Treatment 6; Table 1 ). This class of adjuvant is known to improve the adhesion and spreading properties of sprays, and has been shown to promote increased uptake of a range of compounds on a variety of species (Stock et al. 1992 ). These authors also showed that the magnitude of increased penetration varied according to properties of both the compound and the adjuvant and was influenced by surfactant concentration and target plant species.
The two organosilicone adjuvants (Du-Wett® and Du-Wett® Stainless) were used at the same rate (0.2%) (Treatments 7 & 8) and both significantly increased uptake relative to the other adjuvants tested. The organosilicone blend (superspreader adjuvant (Du-Wett®); Treatment 8) was the most effective of all the treatments tested, increasing uptake to nine fold greater than that of the phosphorous acid used alone (Table 1) . This organosilicone blend was used at a higher rate of addition than when typically used as a superspreader in horticultural operations (≤ 0.1%) in order to maximise its penetration properties.
The pH-stable organosilicone penetrant (Du Wett® Stainless) was included in the study because it is recommended for use with acidic active ingredients (AgriMedia Ltd 2013; Policello and Gaskin 2010) such as phosphorous acid. However, the formulated phosphorous acid used in this study, Agrifos® 600, is buffered to moderately neutral (pH of 6.8) meaning use of a pH-stable organosilicone penetrant is not essential. This was useful since the pHstable organosilicone penetrant was more expensive than the organosilicone blend.
Standard organosilicone superspreader adjuvants should only be used at neutral pH (6-8) as these adjuvants degrade rapidly in acid/alkaline environments (Policello et al. 1995) . The superspreader adjuvant used in the current trial is disclosed as a proprietary blend of organosilicone and organic fluids and is not typically used as a penetrant. However, it contains polymers with uptakeenhancing capability when combined, at appropriate concentrations, with phosphorous acid.
Droplet spread
The spread of droplets on a leaf surface is a measure of how well a spray can be expected to cover the plant surface following droplet adhesion. Pinus radiata foliage is classified as easy-to-wet, with a surface contact angle of 64º (Gaskin et al. 2005) . Surfactants are most useful for improving droplet spread and adhesion on difficultto-wet species (Gaskin et al. 2005) . The effect of adjuvants on droplet spread on easy-to-wet foliage confirmed this (Table 1) . Although significant, pinolene increased the spread of phosphorous acid spray droplets negligibly. Alcohol ethoxylate improved droplet spread and the effect increased with increasing concentration ( Table 1 ). The pH-stable organosilicone provided slightly enhanced droplet spreading relative to either pinolene or alcohol ethoxylate. The most effective treatment, however, was the organosilicone blend superspreader, which significantly increased coverage of needle surfaces by almost three-fold compared to the controls.
Experiment 2: Optimising uptake of phosphorous acid
A repeat of the control phosphorous acid treatment at a rate of 12 kg ha -1 confirmed that very little penetration of phosphorous acid occurred in the absence of adjuvant (Treatment 2R; Table 2 ). A repeat of Treatment 8 from Experiment 1 (8R, Table 2) confirmed that the organosilicone blend increased phosphorous acid uptake. This treatment and all the others using the organosilicone blend superspreader (Treatments 9-12) increased uptake by more than nine-fold relative to the control ( Table 2 ). The highest uptake occurred at the highest concentration tested (0.2%) at both 24 h and 72 h after treatment.
Uptake with the lowest concentration of organosilicone blend (0.05%) showed high variability within replicates and, as a result, this treatment was repeated with similar variability in results. The reasons for this are not obvious, but suggest that a low concentration of organosilicone blend adjuvant will provide highly variable uptake of phosphorous acid into Pinus radiata foliage.
An analysis of treatments 8R, 10, 11 & 12 (Table 2 ) as a factorial of adjuvant concentration (0.1% and 0.2%) and harvest time (24 h and 72 h) showed that the main effects of both concentration and uptake over time were significant (p < 0.05). Thus, uptake of phosphorous acid is expected to be greater with the higher concentration of organosilicone blend and to proceed for up to 72 HAT at least ( Table 2) . Droplets of all treatments were still visibly hydrated on foliage at 24 HAT, whereas at 72 HAT all droplets had visibly dried. Uptake is likely to cease when fungicide deposits become dry (Merritt 1982) so the rate of uptake will slow with time.
Testing the efficacy of best acid/adjuvant combination against Phytophthora species Lesion length of Pinus radiata needles inoculated with either Phytophthora kernoviae or P. pluvialis was significantly reduced by application of the phosphorous acid treatments containing 0.2% organosilicone blend adjuvant at both application rates tested compared to controls (Figure 1 ). However, there was no significant difference in lesion length between the low-and highdose treatments used and either Phytophthora species tested. This result indicated that sufficient phosphorous acid had been absorbed by the needles to affect pathogen activity at both concentrations. In addition, these results indicate that phosphorous acid has activity against the target Phytophthora species when it is applied with organosilicone blend adjuvant. Similar bioassays have been used extensively to demonstrate the efficacy of phosphorous acid application to imply field based control for a range of Phytophthora diseases (Barrett et al. 2003; Garbelotto and Schmidt 2009; Shearer et al. 2012) . While bioassays can provide a useful indication of treatment efficacy, in some cases, they have also been shown to differ significantly from field based analyses and are therefore no substitute for field based results (Shearer et al. 2012) . Therefore, field trials involving application of phosphorous acid to mature Pinus radiata trees need to be carried out to determine an optimum dose for management of needle diseases in the field. Kanaskie et al. (2011) conducted field trials to test the efficacy of phosphorous acid for the control of sudden oak death in south western Oregon tanoak. In aerial spray trials phosphorous acid was applied at two rates, 17.36 kg ha -1 and 34.72 kg ha -1 , in conjunction with Pentra-bark® in 160 L water ha -1 . Detached-twig and log bioassays with P. ramorum, as well as in situ stem inoculations with Phytophthora gonapodyides (Petersen) Buisman, were carried out to investigate treatment efficacy. Aerial spray with phosphorous acid at both application rates consistently resulted in smaller bole lesions on trees challenge inoculated with P. gonapodyides in situ and logs inoculated with P. ramorum. However, results from detached canopy twig assays were variable and showed only small treatment effects. These findings demonstrate the potential variability of field based treatments and the need to assess treatment effects both infield and using bio-assays tested across different tissues. In the present study, bioassays focussed on detached needle inoculations as red needle cast has, as yet, only been shown to affect Pinus radiata needles (Dick et al. 2013) . Further confirmation of these results in the field is essential to establish the efficacy of broad-scale treatment for the control of red needle cast in Pinus radiata.
Conclusions
There was very little penetration of phosphorous acid into the foliage of Pinus radiata 24 hours after treatment in the absence of adjuvants. The addition of either an alcohol ethoxylate or organosilicone adjuvant improved uptake. The highest uptake of phosphorous acid occurred with an organosilicone blend adjuvant (DuWett®) at a concentration of 0.2%, and uptake progressed over a period of more than 24 hours after treatment. The addition of either of these adjuvants improved surface coverage of phosphorous acid sprays and they are also likely to have some beneficial effects on spray retention.
It is clear that the use of an organosilicone blend adjuvant in phosphorous acid treatments will improve coverage of sprays on Pinus radiata, in addition to its effects on the penetration of phosphorous acid into the plants. Its use is recommended to increase the uptake of phosphorous acid when applied to Pinus radiata for management of red needle-cast disease. Preliminary indications Figure 1 Lesion length (model predictions and confidence intervals) on Pinus radiata needles exposed to Phytophthora pluvialis or Phytophthora kernoviae for 24 hours following treatment with either 3 kg ha -1 or 12 kg ha -1 phosphorous acid each applied in 100 L water containing 0.2% organosilicone-blend superspreader adjuvant (Du-Wett®).
from the detached needle bioassays indicate that the rates of phosphorous acid used in this investigation (3 kg ha -1 and 12 kg ha -1 ) have the potential to reduce infection of Pinus radiata by Phytophthora species including P. kernoviae and P. pluvialis. Field trials are needed to confirm this.
